We investigated slow relaxations of the magnetostriction and residual magnetostriction of the phase-separated system (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 , in which the metamagnetic transition from a paramagnetic insulating state to a ferromagnetic metallic state is accompanied by a lattice shrinkage. The relaxations are well fitted by a stretched exponential function, suggesting the strong frustraction between the double exchange interaction and Jahn-Teller effect. We have revealed that the Gd substitution suppresses the frozen phase-separated phase at low temperatures and stabilizes the paramagnetic insulating state in the dynamic phase-separated phase at intermediate temperatures. The former origin would be the randomness effect and the latter would be the suppression of the double exchange interaction.
I. INTRODUCTION
Perovskite manganites fascinate many researchers with curious phenomena which are related to electron interactions: for example, colossal magnetoresistance or charge/orbital ordering. In R 1−y A y MnO 3 (R = Y, rare earth; A = Ca, Sr, Ba, Pb), in which both Mn 3+ sites and Mn 4+ sites exist, the double exchange interaction competes with the Jahn-Teller effect. Whereas the double exchange interaction causes itinerancy and lattice homogeneity, the Jahn-Teller effect deforms Mn 3+ O 6 octahedra to reduce the energy level of the occupied e g orbital and localize e g electrons. For spins, the ferromagnetic (FM) double exchange interaction competes with the antiferromagnetic (AFM) superexchange interaction. Phase separation sometimes happens in such frustrated systems.
(La 5/8−x Pr x )Ca 3/8 MnO 3 which is an example of the phaseseparated (PS) systems exhibits a magnetic-field-induced transition from an AFM charge-ordered insulating (COI) state to a FM metallic state [1] [2] [3] [4] [5] [6] . Interestingly, as the phase diagram is shown in Ref. 4 , the temperature dependence of the transition field H c is of reentrant and a dynamic PS phase exists below H c at intermediate temperatures. The remarkable growth of magnetization with time indicates that the system is not in equilibrium and FM clusters continuously extend in the AFM matrix. Similar relaxation is also observed in (La 0.5 Nd 0.5 ) 1.2 Sr 1.8 Mn 2 O 7 [7] .
Another PS system is (La 0.4 Pr 0.6 ) 1.2 Sr 1.8 Mn 2 O 7 , in which FM metallic (FMM) clusters are embedded in the paramagnetic insulating (PMI) matrix [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . (La 0. 4 Pr 0.6 ) 1.2 Sr 1.8 Mn 2 O 7 also exhibits reentrant H c (T ). Notably, residual effect and slow relaxation are observed in the magnetic, transport, thermodynamic, and lattice properties: when an applied field above H c is reduced to 0 T, * Electronic address: tanig@iwate-u.ac.jp metastable FMM state remains in much area for long time. Surprisingly, the relaxation time estimated from the fitting by a stretched exponential function reaches about 1 day at 20 K, for example [15] . Such a long relaxation suggests a strong frustration between competing interactions.
We are focusing on a PS system (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 , which exhibits a magnetic-field-induced PMI-FMM transition with reentrant H c (T ) and whose ground state consists of FMM clusters, COI clusters and the PMI matrix [21] [22] [23] [24] [25] [26] [27] . Previous studies indicate that the lattice degree of freedom couples with the spin degree of freedom in (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 ; the magnetostriction is known to exhibit a step-like decrease at the same field as the magnetization jumps, and the change of the lattice constant at H c is actually confirmed by X-ray powder diffraction measurement [25, 26] .
In this study, in order to clarify the properties of the phase separation of (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 , we have investigated the relaxation of the magnetostriction. By analogy with (La 5/8−x Pr x )Ca 3/8 MnO 3 or (La 0.4 Pr 0.6 ) 1.2 Sr 1.8 Mn 2 O 7 , we expected that (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 has a dynamic PS phase, in which FMM clusters gradually grow after zero field cooling and in contrast the PMI matrix slowly recovers after switching off a field above H c . We have observed non-equilibrium behavior as expected, and revealed that the dynamics is described by a stretched exponential function. On the Gd substitution effect, we have found that the dynamic PS phase is extended to lower temperatures. X-ray diffraction data revealed that all samples consist of a single phase with orthorhombic structures (Pbnm). The lattice parameters of the parent sample (x = 0) are a = 5.4424 Å, b = 5.4329 Å, and c = 7.664 Å, which is in fair agreement with a previous work [21] .
As the main topic of this study, we measured the time dependence of the magnetostriction in order to reveal the transfer from a metastable state to a stable state. For comparison, the time dependence of the magnetization of (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 is also measured. In the magnetostriction measurement, we measured the resistance of a strain gauge attached on a sample, and convert the change of the resistance to the change of the sample length by using a gauge factor G:
. In each measurement cycle, the initial value of the sample length L 0 and that of the straingauge resistance R 0 are defined. ∆L is the change of the sample length from L 0 and ∆R is the change of the strain-gauge resistance from R 0 . The type of the strain gauges is KFL-05-120-C1-11 (Kyowa Electronic Instruments). We measured the magnetostriction perpendicular to an applied field as well as that parallel to the field. The former and the latter were measured by using the Physical Properties Measurement System (Quantum Design) and the Magnetic Properties Measurement System (MPMS, Quantum Design), respectively. As a reference sample for subtracting a background, the magnetostriction of a quartz glass was measured at the same time as the sample measurement. Magnetization measurements were also performed with MPMS. First, as shown in Fig. 1 , we performed magnetostriction measurements under field cycles at several temperatures below 40 K after zero field cooling. Both the parent sample and the 10% Gd-substituted sample exhibit negative magnetostriction, reflecting the transition from the PS or PMI phase to the FMM phase. Corresponding to this change of the magnetostriction, in a previous study [25] , the change of lattice constant by field is actually confirmed from X-ray diffraction measurement. The transition field of the substituted sample is about twice as high as that of the parent sample, which is understood by considering the variance σ 2 of the inoic radii of A site in a perovskite ABO 3 [25] . for the substituted compound. The higher magnitude of disorder in the substituted sample, which is indicated by the larger variance, is expected to suppress the double exchange interaction, enhance the energy level of the FMM state and prevent the transition to the FMM phase. What should be noted is the remarkable residual effect: once the system transfers to the FMM phase, finite ∆L remains even after field is switched off. This residual effect suggests that high potential barrier exists between the stable PMI state and the metastable FMM state because of some strong frustration and it prevents immediate transfer from the FMM state to the PMI state. These results are consistent with a previous report [25] .
What we newly revealed on the L(H) behavior is fielddirection dependence and detailed temperature dependence. Focusing on the field-direction effect, the magnetostriction value and the transition field do not exhibit significant difference between the cases in which the measured sample length is parallel and perpendicular to the field. In the temperature range of our measurement, transition field is lowered by increasing temperature. It is because thermal energy helps the transfer from the PMI state to the FMM state beyond the potential barrier.
Next, aiming to reveal how the volume fraction of the FMM clusters in a PS phase expands with time in ( is 1 T for the parent compound and 2.5 T for the 10%-Gd-substituted compound. In Fig. 2 , the growth of the FMM area with time is presented. Instead of the raw value of the magnetostriction, we introduce the relaxation rate ∆L R (t) and use it for the vertical axis: Here, t = 0 is the moment at which the field reaches H min c . Thus ∆L R is expected to correspond to the increasing volume fraction of the FMM state. To estimate ∆L R , we have assumed that ∆L(∞) is ∆L at H min c during the field-decreasing process of the measurement shown in Fig. 1 . We have clarified that the fastest evolution occurs in 20-30 K for the parent compound and at about 15 K for the 10% Gd-substituted compound. These results that the extension of the FMM area is fastest at an intermediate temperature is consistent with the scenario that the dynamic PS phase exists at a temperature range between the homogeneous PMI phase and the frozen PS phase. Remarkable direction dependence is not observed.
For comparison, we also measured the time dependence of the magnetization in the same condition. ∆M R introduced in Fig. 3 is defined in the same manner as ∆L R in order to reflect the increasing volume fraction of the FMM state: ∆M R ≡ (∆M(t)−∆M(0))/(∆M(∞)−∆M(0)). We found that the time evolution of the FMM volume fraction estimated from magnetization exhibits a similar tendency to that estimated from magnetostriction for both the compounds.
For the parent sample, we also investigated the field effect on the evolution of the FMM state by measuring the magnetostriction at 15 K. As shown in Fig. 4 , ∆L R (14400 s = 4 h) which is less than 0.1 under 1 T is drastically enhanced to more than 0.8 under 1.5 T. The result indicates that increasing magnetic field changes the electronic phase of Eu 0.6 Sr 0.4 MnO 3 from the frozen PS phase to the dynamic PS phase by lowering the energy level of the FMM state. On the other hand, in order to reveal the evolution of the PMI state, we measured the time dependence of the residual magnetostriction after the sample was cooled in zero field and then field of 5 T is once applied and switched off. The measurements were performed above 20 K, above which the dynamic PS phase or the homogeneous PMI phase is expected from the time evolution of the FMM volume fraction at H min c . In Fig. 5 , the growth of the PMI area with time is presented. Here, ∆L R (t) is estimated by defining t = 0 as the moment at which the applied field is switched off. ∆L(∞) corresponds to ∆L at the initial state in the field-sweep measurement shown in Fig. 1 . The evolution of the PMI volume fraction becomes slower on cooling. This behavior might suggest that the transfer from the metastable FMM state to the stable PMI state is of thermally-activated type. 
IV. DISCUSSION
As shown in Figs. 2-4 , we have revealed that the time evolution of ∆L R and ∆M R is well fitted by a stretched exponential function f (t):
.
Since the stretched exponential function often describes phenomena in frustrated systems, the relaxation of this system is also expected to be governed by some frustration. In the lattice of (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 , Jahn-Teller orbitallattice interaction and double-exchange interaction will compete. Jahn-Teller effect is caused by the e g electron of Mn favors homogeneous lattice because of the itinerancy of e g electrons. Therefore, the slow relaxations of the magnetostriction clarified in Fig. 2 and 5 suggest the strong frustration between JahnTeller and double exchange interactions. Among the spins in (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 , FM double exchange interaction and AFM superexchange interaction compete. Thus, the slow relaxations of the magnetization in Fig. 3 are expected to reflect the strong magnetic frustration between double exchange and superexchange interactions.
The parameters of the fitting by a stretched exponential function, τ and β are summarized in Figs. 4(b) and 6 . Focusing on the transfer to the FMM state shown in Fig. 6(a) and (b) , we have found that the order of τ estimated from the magnetostriction is similar to that from the magnetization both in the parent compound and in the Gd-substituted compound. The result indicates that the lattice dynamics has a time scale similar to that of the spin dynamics in (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 . We have clarified that τ exhibits a minimum τ min at about 20 K for the parent compound and at about 15 K for the Gdsubstituted compound with increasing temperature, and β of the parent compound (Fig. 6(b) ) exhibits a maximum at about 15 K while that of the substituted compound decreases monotonically. The existence of τ min suggests that the dynamic PS phase exists around these characteristic temperatures T * s, and the lowering T * indicates that the frozen PS phase is suppressed by the Gd substitution. We have revealed that τ below T * is suppressed by more than 6 orders of magnitude by the substitution, which also indicates the suppression of the frozen phase. This non-equilibrium tendency would be caused by the randomness effect introduced by the substitution. In contrast, τ above T * increases by about 3 orders of magnitude under the substitution. This behavior suggests that the double exchange interaction is suppressed by the enhanced disorder and the energy difference between the FMM state and the PMI state is increased.
On the transfer to the PMI state shown in Fig. 6 (c) and (d), we have clarified that τ is suppressed by 6 orders of magnitude by the Gd substitution. The result is consistent with the enhancement of τ above T * in the transfer to the FMM state. Importantly, we have revealed that τ(T ) is described by a thermally-activated function: τ 0 exp(∆/k B T ). The fitting curves are shown in the inset of Fig. 6(c) , and the thermal activation energy ∆ of the substituted compound is estimated to be 37 meV. For the parent compound, since the error of τ(20 K) is extremely large, we ignored τ(20 K) in a fitting (the blue line in the inset of Fig. 6(c) ) and obtained ∆ of 47 meV. The analysis quantitatively indicates that the Gd substitution lowers the potential barrier of the transfer from the FMM state to the PMI state. Even if ∆ of the parent compound is estimated including τ(20 K) (the gray line in the inset of Fig. 6(c) ), the tendency of the substitution effect does not change.
V. SUMMARY
In order to reveal non-equilibrium phenomena in PS systems, we measured the magnetostriction and residual magnetostriction of (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 (x = 0, 0.1); (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 exhibits a magnetic-field-induced PMI-FMM transition which couples to a lattice shrinkage, and its ground state is a PS phase in which FMM clusters and COI clusters are embedded in a PMI matrix. By analogy with a similar PS system (La 5/8−x Pr x )Ca 3/8 MnO 3 , we expected that a dynamic PS phase exists below H c between a homogeneous PMI phase at higher temperatures and a frozen PS phase at lower temperatures. As expected, we have found continuous shrinkage of the sample length with time, which indicates the extension of the FMM clusters.
Notably, the time dependences are well fitted by stretched exponential functions, which suggests the existence of a strong frustration in (Eu 1−x Gd x ) 0.6 Sr 0.4 MnO 3 . As the origin of the frustration, we point out the competition between the double exchange interaction and the Jahn-Teller effect in the lattice, and the competition between the double exchange and superexchange interactions among spins. From the comparison of the fitting parameter τ between magnetostriction and magnetization, we have revealed that the lattice dynamics is governed by a similar time scale to the spin dynamics.
For the Gd substitution effect, we have clarified that the frozen PS phase is suppressed, which is expected to be caused by the randomness effect. We have also found that τ of the transfer to the FMM state is enhanced by about 3 orders of magnitude and that to the PMI state is suppressed by 6 orders of magnitude in the dynamic PS phase. Moreover, we have revealed that τ(T ) of the transfer to the PMI state is described by a thermally-activated function and the thermal activation energy ∆ is estimated to be 47 meV for the parent compound and 37 meV for the substituted compound. These results indicate that the Gd substitution stabilizes the PMI state. The origin would be the suppression of the double exchange interaction.
